We have measured the lifetime of spin imbalances in the quasiparticle population of a superconductor in the frequency domain. A time-dependent spin imbalance is created by injecting spinpolarised electrons into a thin-film mesoscopic superconductor (Al) at finite excitation frequencies and finite magnetic field. The time-averaged value of the spin imbalance as a function of excitation frequency shows a cut-off corresponding to the spin lifetime. The spin lifetime is relatively constant in the accessible ranges of magnetic fields and temperatures; its value is in agreement with previous estimates. Our data are qualitatively well-described by a theoretical model taking into account all quasiparticle tunnelling processes from a normal metal into a superconductor.
Spin-polarised electrons injected into superconductors eventually disappear into the condensate, which is made up of Cooper pairs of electrons of opposite spin. To disappear, the injected electrons -which become quasiparticles in the superconductor -must lose energy, flip their spin and recombine with quasiparticles of the opposite spin to form Cooper pairs.
These processes may be sequential or occur in parallel. For example, (1) quasiparticles may undergo elastic or inelastic spin flip processes, (2) quasiparticles may lose energy without flipping their spin, and (3) low-energy quasiparticles recombining in pairs necessarily lose a quantity of energy equivalent to the superconducting gap, usually in the form of a phonon.
The characteristic timescale for these processes -as well as the order in which they occur and any interdependence between them -can shed light on microscopic properties of the superconductor, including relaxation pathways [1] [2] [3] [4] [5] [6] [7] [8] as well as the gap structure and the pairing mechanism in unconventional superconductors [9] [10] [11] [12] .
Time-and frequency-domain experiments, whether using transport, optical pump-probe or other techniques, provide the most direct measure of the timescales involved [13] [14] [15] [16] .
Most of the work in this area has focused on the recombination of quasiparticles, usually with techniques sensitive to the number of quasiparticles and their diminution over time. A quasiparticle population which is larger than that at equilibrium does not however exhaust the possible non-equilibrium phenomena: the quasiparticle population can also manifest spin and/or charge imbalances [17] [18] [19] [20] [21] [22] [23] . These do not necessarily relax in the same way, nor on the same timescale. In this Letter we report the first frequency-domain measurement of the lifetime of a spin imbalance in the quasiparticle population in a mesoscopic superconductor.
The idea of our experiment, in brief, is as follows: We inject spin-polarised quasiparticles into a superconductor at a finite frequency f RF = ω/2π while measuring the time-averaged spin-up quasiparticle chemical potential, < µ s (ω, t) > t . We expect a cut-off at roughly ω = 1/τ s , with τ s the spin lifetime of quasiparticles in the superconductor (Figure 1b) . This is akin to filling a leaky bath from a tap, turned on and off at a regular rhythm, while measuring the time-averaged water level in the bath. is in the normal state.) A typical device is shown in Figure 1a . As in previous experiments, the SIF and NIS junctions have 'sheet resistances' respectively of ∼ 2 and ∼ 6 ·10 −6 Ω · cm We simultaneously perform local and non-local transport measurements using standard lock-in techniques: We apply a voltage V DC across junction J2, between N and S, and measure the ('local') current I injected into the superconductor through J2 and the ('nonlocal') voltages across the other junctions, which act as detectors. We also measure the local conductance dI/dV DC and the nonlocal differential signal, dV N L /dV DC . The distance between injection and detection junctions is 1µm, well within the Al spin relaxation length in the superconducting state [20] . In the presence of an in-plane magnetic field, H (applied parallel to the non-superconducting electrodes), electrons injected into the superconductor create a spin imbalance in its quasiparticle population due to the Zeeman effect [19] . The
depending on the relative alignments of the F magnetisation and the magnetic field. Here µ QP α is the chemical potential of the spin α quasiparticle population and µ P the Cooper pair chemical potential. We remind the reader that µ C = (µ QP ↑ + µ QP ↓ )/2 and µ S = (µ QP ↑ − µ QP ↓ )/2 quantify charge and spin accumulation respectively. The non-local voltage drop at J1 is proportional to µ C − µ P .
To explore the frequency dependence of the spin imbalance, we add higher-frequency components of amplitude V RF and frequency f RF =500kHz-50MHz to V DC via a bias-tee located next to the device and at low-temperature.
Before presenting the experimental data, let us sketch out our main theoretical expectations. We assume that the spin accumulation, S in the superconductor satisfies
where τ s is the spin relaxation time in the superconductor and I s the spin current.
This equation admits an exact analytical solution:
We first consider a spin current of the form I s (t) = I DC + I RF e iωt , where I DC and I RF are constants, we then have
with α a constant phase. The amplitude of the oscillations in S(t) (and thus µ s (t) and V N L (t), the quantity we measure) are frequency-dependent and show a Lorentzian cut-off behaviour. This could be measured with high-frequency detection techniques.
If, however, the spin current is generated by a sinusoidal voltage, which we assume for the moment to be small, we can write
and insert this into Eq. 4 for S(t). If the current-voltage characteristic of the injection junction is nonlinear, a frequency cut-off should also appear in the time-averages of S(t), µ s (t) and V N L (t). Numerical work, with no approximations and assuming a non-linear injection junction, shows that this is indeed the case for µ s (t) and V N L (t) though the cutoff was not observable in S(t) [24] . In the case of linear injection, a non-linear detection junction will nevertheless yield a frequency cut-off in V N L (t). In the case of injection which is already non-linear, detector nonlinearity can further enhance the cut-off behaviour. In our devices, both injection and detection junctions are non-linear, due to the quasiparticle density of states in the superconductor.
Further details of our theoretical model, which takes into account spin but not charge imbalance, can be found in Ref. [24] . Our model is based on previous work by Zhao and
Hershfield [22] , which takes into account all quasiparticle tunnelling process at a normalsuperconducting junction, extended to include the Zeeman effect induced by the magnetic field. In contrast to the (similar) model presented in our previous work [19] , no assumptions were made about the amplitude of the Zeeman energy or µ S (which can be up to half the size of the superconducting gap in these measurements).
Turning now to our measurements, we begin by characterising our device in the absence of high-frequency excitation. Figures 2(a) shows the local conductance as a function of bias voltage and magnetic field. We see that, for this device, the superconducting critical field at J2 is ∼1.9T. Figure 2 (b) shows the corresponding differential nonlocal signal measured at J3. We remind the reader that, as the injection electrode is normal, the (anti-)symmetric part of this signal comes from the charge (spin) imbalance [19] . In contrast, if the injection electrode were ferromagnetic (and the S DOS highly nonlinear), the 'spin imbalance peaks' in the differential nonlocal signal would be of unequal heights [20] . As in our previous work, we see a spin signal which first increases with magnetic field then dies out as the magnetic field approaches its critical value. Theoretical fits to these data at fixed magnetic field such Note that spin lifetimes estimated from these fits are good only to about an order of magnitude as it is difficult to theoretically account for effects on the superconducting DOS due to stray fields coming from the cobalt electrode. We emphasise, nevertheless, that our theoretical model is able to reproduce all qualitative features of our data. (Figures 2-4 ,
We apply a magnetic field of H = 680mT (to obtain a large non-local signal) and a sinusoidal excitation at 1MHz while sweeping the V DC and varying the RF power. The results are shown in Figures 3(c)-(f) . The main effect of the RF excitation on both the local conductance and the nonlocal signal is the phenomenon known as 'classical rectification':
As sinusoidal signals spend most time at their extrema, each feature in the original trace is 'split' by a distance in bias voltage corresponding to the peak-to-peak amplitude of the RF excitation. These splitting of the BCS coherence peaks in the local conductance (Figure 3(c) )
as well as that of the spin imbalance peaks in the nonlocal conductance (Figure 3(d) ) are well-reproduced qualitatively by our theory. (Figure 3(a-b) ) Figure 3 looks the same for all frequencies, modulo an offset in the RF power due to frequency-dependent attenuation in the RF lines. These measurements can thus be used as a calibration of RF power.
We next study the frequency-dependent response of our system at constant RF amplitude, using the value of the local conductance at zero bias voltage as a calibration of RF amplitude.
(The RF amplitude can be more accurately determined from the location of the 'classically rectified' peaks and is generally ∼250µV.) Figure 4a shows the non-local signal as a function of bias voltage at constant RF amplitude at 1MHz and 50MHz. For both frequencies, 'classically rectified' peaks appear at the same location, but their amplitudes are different:
At frequencies which are high compared to ∼ 1/2πτ S , the classifically-rectified peaks have smaller amplitudes than they do at low frequencies. by a factor of 2-3 depending on the bias voltage at which the cut-off is measured.
Measurements similar to those shown in Figure 4 were also performed at different fields (at the base temperature of the dilution refrigerator, ∼60mK) and at different temperatures (at 680mT). These results are shown in Figure 5 . No significant change in the cut-off frequency (within measurement error) was observed in the range of accessible temperatures and magnetic fields.
To ascertain that the cut-off was not due to the measurement circuit, we modified the latter slightly, obtaining the same result. We measured similar cut-offs in samples with different detector differential resistances at zero applied voltage (different levels of depairing due to stray fields), thus ruling out detector bandwidth effects. We also checked that the injection of electrons at several times the superconducting gap energy did not significantly affect the peaks to obtain the anti-symmetric part of the signal, which is due to spin. Lorentzian fits give τ s = 16ns and 10ns respectively; however, these may be slight over-estimates (see text).
ulation of a superconductor in the frequency domain. This is the most direct measurement to date of this quantity. The charge lifetime could in principle be measured in a similar way, at much higher excitation frequencies. Pushing these experiments one step further, one could look at variations in the spin accumulation either in real-time or at the excitation frequency. All of these techniques could in principle be used to measure spin lifetimes in other superconducting materials. Corresponding differential nonlocal signal dV N L /dV DC measured at J3.
As noted in the main text, all the data shown were with quasiparticles injection into the superconductor at the junction J2 and detection at J3.
In Figure 6 , we show data from the same device, with injection across J1 instead and detection still at J3. The measured local conductance, proportional to the density of states (DOS) in the superconductor (S), shows that the latter is less depaired at J1 than at J2
(compare Figure 6a to Figure 2a of the main text). This is because the main cause of depairing is stray fields from the cobalt electrode at J3, which can have a component perpendicular to the plane of the device. As the distance J1-J3 is larger than J2-J3, the S DOS is less depaired at J1 compared to J2. Thus, the Zeeman splitting of the DOS at high magnetic fields is also more apparent in these data. The nonlocal differential signal can also be seen to be larger (Figure 6b ) (To a very rough first approximation, it is proportional to the derivative of the injection DOS [19] . While this is no longer true in this case, generally the 'sharper' the injection and detection DOS, the larger the nonlocal signal.)
N.B. The data shown in Figure 6a are the in-phase component of the differential nonlocal signal. As J3 is very resistive (eµ s ∼ ∆/2 at most and the density of states at J3 highly nonlinear, see Figure 9 ), the out-of-phase component can be of comparable amplitude; however, we checked that the in-phase signal is the same as the numerical derivative (with respect to the bias voltage) of the DC nonlocal signal to an overall factor of 2. To rule out thermoelectric effects [25] , we measured the local conductance at J1 while biasing J2 very much above the superconducting gap, thus creating large spin and charge imbalances at J1. We compare this to the same measurement when J2 is not biased. This test was done at two different magnetic fields and the results shown in Figure 7 . It can be seen that biasing J2 does not do much to broaden the DOS at J1. Thus, thermoelectric effects are negligible in the results presented in this Letter.
Biasing J2 does however induce a slight narrowing of the gap at J1 as well as an asymmetry in the amplitudes of the BCS coherence peaks. These effects will be discussed in a separate publication. To verify that the behaviour we observe in the frequency domain is indeed a cut-off rather than e.g. an oscillatory phenomenon, we also performed measurements at RF injection frequencies very much above the observed cut-off. Figure 8 shows the differential nonlocal signal dV N L /dV DC as a function of DC bias voltage V DC at several RF injection frequencies (and at constant amplitude V RF ). Between 500kHz and 500MHz, similar to data shown in the main text, the amplitudes of the classically-rectified spin imbalance peaks diminishes.
However, there is no further change in the signal at higher frequencies, in agreement with our theoretical expectation of a cut-off. In order to estimate the polarisation, P of the cobalt electrode and to determine its sign, we measure local conductance spectra at J3 as a function of magnetic field. (Figure 9 )
From the asymmetry of the inner Zeeman-split peaks, it is already possible to see that the polarisation is negative, which is to say in the direction opposite to that of the applied field (cf. Ref. [26] ). This is consistent with the work of Münzenberg and Moodera [27] , indicating that the polarisation of electrons injected from cobalt across a thin Al 2 O 3 barrier can be negative. From the heights of the inner 'shoulders' we estimate P to be 7-10% [26, 28] , consistent with results from previous work on similar samples [19] .
